The rare exclusive dileptonic Λ b → Λ + − ( = µ, τ ) decays are investigated in the general two-Higgs-doublet model of type III. A significant enhancement to the branching ratios, differential branching ratios, leptons forward-backward asymmetry, and the Λ baryon polarizations over the standard model is obtained. Measurements of these quantities will be useful for establishing the two-Higgs doublet model.
Introduction
In 2012, the ATLAS and CMS experiments at CERN (Run 1) reported evidence of a particle consistent with the Higgs boson at a mass of ∼ 125 GeV [1] [2] [3] [4] [5] . This result represents a truly fundamental discovery which is in the right direction at least to understand better the electroweak symmetry breaking via the Higgs mechanism implemented in the standard model (SM) through one scalar SU (2) L doublet. With this discovery the large Hadron collider (LHC) completed the particle content of the SM. Nonetheless, an obvious question we are now facing is whether the discovered ∼ 125 GeV state corresponds to the SM Higgs boson, or it is just the first signal of a much richer scenario of electroweak symmetry breaking mechanism.
This result initiated physicists to ruminate the different possibilities to search for new physics beyond the SM. One of the most promising scenarios for new physics beyond the SM, is an extended Higgs sector which has rich phenomenology [6] .
In this regard, the flavour-changing neutral currents (FCNC) processes, such as the electro-weak penguin decays b → s + − is one of these phenomenons [7] , and references therein.
Currently, the main interest is focused on the semi-leptonic decays of heavy hadrons Λ b → Λ + − which offer cleaner probes compared to non-leptonic exclusive hadronic decays, and give valuable insight into the nature of FCNC. These decays are forbidden at the tree level in the SM, and they only appear at the one-loop level. Therefore, the study of these rare decays provide sensitive tests of many new physics models beyond the SM. The new physics effects in these decays can appear from their corresponding SM expectations [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] .
Therefore, now, it is of the utmost importance to study any other such semileptonic decay modes in another sector to clarify this situation, and point out the source of these deviations. In this context, the FCNC processes in baryonic sector receive special attention to search for new physics effects besides the direct searches at LHC.
Apparently, the investigations of FCNC transitions for the bottom baryonic decays can represent a useful ground to find the helicity structure of the effective
Hamiltonian which is lost in the hadronization in the meson case [19] .
In the last few years, several theoretical works have emerged to better understand Λ b → Λ + − (l = e, µ, τ ) decays in both the SM and beyond [20, 21] , and the references therein. On the experimental side, the first experimental result on rare baryonic decay mode Λ b → Λµ + µ − has recently been reported by the CDF
[22], and LHCb collaboration at CERN has also reported on this branching ratio
Quite recently, the LHCb Collaboration has reported on both the differential branching ratio of the rare decay Λ b → Λµ + µ − and the lepton forward-backward asymmetry (A F B ) in the dilepton invariant mass-squared region 15 < q 2 < 20 GeV
+0.09 −0.08 ± 0.03 ± 0.27 × 10 −7 GeV −2 , and A F B = −0.05 ± 0.09(stat) ± 0.03(syst) [24] . The errors are still quite large, but one hopes to have more new results in the near future.
Consequently, a deeper understanding of such rare baryonic decays is now entering a new era. One of the motivated scenarios for new physics beyond the SM, is two-Higgs doublet model (2HDM). Basically, the 2HDM has two complex Higgs doublets, Φ 1 and Φ 2 rather than one, as in the SM, and the 2HDM allows FCNC at tree level, which can be avoided by imposing an ad hoc discrete symmetry. One of the possibilities to avoid the FCNC is to couple all the quarks to Φ 2 , whereas, Φ 1 does not couple to quarks at all, which is often known as type I. The second possibility is to couple Φ 1 to the down-type quarks, while Φ 2 to couple the up-type quarks, which is known as type II [25] .
At the same time, there have been further works on a more general 2HDM without discrete symmetries as in types I and II called type III. In this type both Φ 1 and Φ 2 couple to all quarks, and FCNC exists in type III at tree level [26] . The baryonic Λ b → Λ + − ( = µ, τ ) decays at quark level are described by
The effective Hamiltonian representing these decays in both SM and 2HDM can be written in terms of a set of local operators, and takes the following basic form [27] :
where, G F is the Fermi coupling constant, V * tb V ts is the relevant Cabibbo-KobayashiMaskawa (CKM) matrix elements, and of course the terms proportional to V ub V * us are ignored since |V ub V * us /V tb V * ts | < 0.02. O i (µ) are the set of the relevant local operators, and C i (µ) are the Wilson coefficients that describe the short and long distance contributions renormalized at the energy scale µ which is usually taken to be the b-quark mass for b-quark decays. The additional operators Q i (µ) are due to the neutral Higgs bosons (NHBs) exchange diagrams, whose forms and the corresponding Wilson coefficients C Qi (µ) can be found in [28] .
As we noted earlier, in the 2HDM of type III, both the doublets can couple to the up-type and down-type quarks, and without loss of generality, we can use a basis such that, the first doublet produces the masses of all the gauge-bosons and fermions in the SM, whereas all the new Higgs fields originate from the second doublet. This choice permits us to write the flavor changing (FC) part of the Yukawa Lagrangian at tree level as:
where i, j are the generation indices,
are in general a nondiagonal coupling matrices, Q iL is the left-handed fermion doublet, U iR and D jR are the right-handed singlets, and¯ iL and jR represent left handed SU(2) lepton doublet, right-handed SU(2) singlet, respectively. In equation (2) all states are weak states, and can be transformed to the mass eigenstates by rotation.
After performing a proper rotation and diagonalization of the mass matrices for fermions and for Higgses, the flavor changing part of the Yukawa Lagrangian is re-expressed in terms of mass eigenstates as follows [29] :
where 
are the projection operators. Because the definition of
couplings is arbitrary, in order to proceed further, in this work we adopt the Cheng-Sher ansatz [29] ,ξ
where, v is the SM vacuum expectation value (vev), v = 246 GeV. This ansatz ensures that the FCNC within the first two generations are naturally suppressed by small quark masses.
In essence, from equation (3), it is clear that the b → s + − transition at tree level receives contributions by exchanging neutral H 0 and A 0 Higgs bosons diagrams, like, ∼ξ bsξµµ
. In the following, we assume that the neutral Higgs bosons masses are heavy enough to avoid such contributions to 
with [30] : Table 1 .
In the 2HDM, the free parameters are the mass of the charged Higgs boson m H ± , and the coefficients λ tt , λ bb . The coefficients λ tt and λ bb for type III of 2HDM are complex parameters of order O(1), so that λ tt λ bb ≡ |λ tt λ bb |e iθ , where θ is the only single CP phase of the vacuum in this version. In this way, λ ij allow the charged Higgs boson to interfere destructively or constructively to the SM contributions.
Additionally, the Wilson coefficient C 2HDM 9
(µ) receives long distance contributions coming from the charmonium resonances J/ψ, ψ , · · · , which is replaced by an
where the parameters n and s are defined as
where (µ) receives another non-factorizable effects coming from the charm loop which can bring further corrections to the radiative b → sγ transition [32] :
while, the Wilson coefficient C
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does not change under the renormalization procedure mentioned above, and so it is independent of the energy scale, so we will
In terms of the above criteria, the effective Hamiltonian of equation (5) in the 2HDM can be re-written as:
where q is the sum of 4 momenta of + and − , α em is the fine structure constant, Λ|siσ µν q ν b|Λ b , and Λ|siσ µν γ 5 q ν b|Λ b . These hadronic matrix elements in terms of a set of unknown form factors are parameterized as [33] :
Currently, there are some studies in the literature on Λ b → Λ transition form factors such as heavy quark effective theory (HQET) [34] , lattice QCD calculations [35] , light-cone sum rules approach [36] , perturbative QCD approach [37] , QCD sum rule approach [38] , and Bethe-Salpter equation approach [39] . In the present work, based on lattice QCD calculations [35] , the form factors
equation (16) are related to the helicity form factors of [35] as follows:
The above helicity form factors
, and h ⊥ (q 2 ) are parameterized based on lattice QCD calculations in the following way [35] :
where,
Here, t 0 = q Table 2 .
With the above definitions of transition matrix elements, and the form factors, we get the effective amplitude for Λ b → Λ + − decay:
where the various functions A i , B i , D j , and E j (i, j = 1, 2, 3) are defined as:
3.2 The differential decay rate for
The differential decay rate of Λ b → Λ + − is given by:
Here, |M| 2 is the squared amplitude averaged over the initial polarization and summed over the final polarizations. After lengthy, but straightforward calculations, one can get the double differential decay rate in terms of the various form factors in the 2HDM:
, z = cos θ is the angle between p Λ b and p + in the center of mass frame of
is the usual triangle function. The function T(ŝ, z) is given by:
with
and T 2 (ŝ) = 8m
The unpolarized differential decay rate of Λ b → Λ + − can be obtained from equation (32) by integrating out the angular dependent variable z which, in turn yields:
3. The normalized leptons forward-backward asymmetry is defined as:
Following the same procedure as we did for the differential decay rate, one can easily get the expression for the leptons forward-backward asymmetry: Here, we present the formulas for the polarized differential decay rates of Λ b → Λ + − . In the calculations, we have included the lepton masses, and we define a four-dimensional spin vector for the polarized Λ baryon in terms of a unit vector,ξ, along the direction of Λ spin in its rest frame as:
We also introduce three orthogonal unit vectors along the longitudinal, transverse and normal components of Λ polarization in the Λ b rest frame as:
where − → p Λ and − → p + are three-dimensional vector momenta of the Λ and + in the center of mass of the + − system. With these spin vectors, one can get the polarized differential decay rate for any spin directionξ along the Λ baryon spin components:
where P L , P N and P T are the longitudinal, normal and transverse polarizations of Λ baryon, respectively, and (dΓ/dŝ) 0 is the unpolarized decay width defined in equation (37) . These polarizations asymmetries P i (i = L, N, T ) are obtained from:
where
tries of Λ baryon on the parameters of the 2HDM within the full kinematical interval of the dilepton invariant mass 4m , ∆M B and Γ B being the mass difference and the average width for the B 0 -meson mass eigenstates, controls | λ tt | to be less than 0.3 [29] .
Further constraints are coming from the experimental results, like BR(B → τ ν),
, and BR(t → cg) [29] . On the other hand, the experimental value of the parameter R b constrains the size of | λ bb | to be around 50. (See for example [29, 30] , and references therein). From the CLEO data of BR(B → X s γ), some constraint on m H ± in model III can also be found [41] .
The other main input parameters are listed in Tables 2, and In Figure 2 , we show the dependence of the differential branching ratios of Λ b → Λ + − ( = µ, τ ) on q 2 with and without LD contributions by using the reference values for the parameters as specified before; | λ tt |= 0.15, | λ bb |= 50, and θ = 90
• .
From Figure 2 , the agreement of the SM with the experimental data in the dilepton invariant mass-squared region 15 < q 2 < 20 GeV 2 for µ + µ − channel is clear [24] .
Also, one can see that the 2HDM effects are significant for both muon and tau pairs being in the final state.
In Figure 3 , the leptons A F B for the Λ b → Λ + − ( = µ, τ ) decays as functions of q 2 are presented. Figure 3 (27) using the lattice QCD approach [35] . Values of the pole masses, m * pole are from the particle data group [47] , while m pole masses were taken from the lattice QCD calculations [48] .
−12 sec, m Λ = 1.115 GeV, Table 3 : Values of input parameters used in our numerical analysis [47] .
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